following correction should be noted. Due to an editorial change at PNAS, the meaning of the last sentence on page 14046 was altered. The sentence originally read as follows: On the other hand, this structure does not reproduce the pharmacological properties of either P or Q channel exactly, as the ID 50 to sFTX and -Aga IVA for P-type channels is lower than for the ␣1A, ␣2␦, ␤Ib channels in HEK cells.
FIG. 3.
The mKSR1 CA3 domain augments Raf-1 activity in a detergent-sensitive manner. Xenopus oocytes expressing Raf-1 alone (Ϫ) or coexpressing Raf-1 and the mKSR1 CA3 domain (ϩ) were injected with Ras V12 RNA. Immediately after (0 min) or 150 min after Ras V12 injection, oocytes were lysed in hypotonic buffer and membranes were isolated. (A) Raf-1 proteins were immunoprecipitated from membrane fractions resuspended in RIPA buffer (ϩ detergent) or phosphatebuffered saline (Ϫ detergent), and in vitro kinase assays were performed using kinase-inactive MEK as a substrate (1) . Phosphorylation of MEK1 on Ser-218 and Ser-222 was determined by tryptic peptide mapping analysis. (B) Ras V12 and CA3 proteins were immunoprecipitated from membrane (P100) and cytosolic fractions (S100) isolated at 150 min after injection with Ras V12 RNA and were examined by immunoblot analysis using Ras and Pyo antibody, respectively. The migration of processed (Pro) and unprocessed (UnPro) Ras proteins is indicated.
FIG. 4. Augmentation of Ras signaling by mKSR1 does not involve ceramide. (A)
Cos cells were transiently transfected with constructs encoding wild-type (WT) or kinase-inactive (RM) mKSR1. At 60 hr posttransfection, serum starved cells were left untreated or were stimulated with 20 M C2 ceramide for 5 or 10 min, 100 milliunits͞ml sphingomyelinase (SMase) for 20 min or 10 nM tumor necrosis factor ␣ (TNF␣) for 20 min. KSR proteins were immunoprecipitated using ␣Pyo antibody, and mKSR1 immune complex kinase assays were performed in vitro as described by Zhang et al. (ref. 19; Top) . Immunoprecipitated mKSR1 was detected by immunoblot analysis (Middle). To observe phosphorylation of Raf-1 or modulation of Raf-1 activity, purified activated Raf-1, coexpressed in Sf9 cells in the presence of RasV12 and v-src, and kinase-inactive MEK1 were added to the mKSR1 immune complex kinase assays previously described (ref. 19; Bottom) . (B) Cos cells were treated as in A and endogenous ceramide levels, JNK activity, and MAPK activity were determined. Ceramide levels were normalized to the untreated control. C2-ceramide levels were elevated 2.9-and 3.7-fold at 5 and 10 min, respectively, and long-chain ceramide levels were elevated 12-fold by SMase and 1.9-fold by TNF␣. (C) Purified brain ceramide (100 nM) (ϩ) or diluent (Ϫ) was added in vitro to mKSR proteins immunoprecipitated from transfected Cos cells and immune complex kinase assays performed in the presence of activated Raf-1 and kinase-inactive MEK1 as previously described (ref. (2) (3) (4) . These data are further supported by biochemical studies examining the function of mammalian KSR (1, 5) . In Xenopus oocytes and cultured mammalian cells, murine KSR1 (mKSR1) cooperated with oncogenic Ras V12 to promote meiotic maturation and cellular transformation, respectively (1) . mKSR1 enhanced the biological activity of activated Ras by accelerating the kinetics of MEK1 and MAPK activation. Surprisingly, however, the cooperative function of mKSR1 was not contained within the catalytic domain but rather was localized to a 104-aa region that includes the conserved cysteine-rich CA3 domain (1) . In this report, we investigate the mechanism by which mKSR1 facilitates Ras-mediated signal transduction. We find that mKSR1 functions at the plasma membrane and modulates Ras signaling by augmenting Raf-1 activity in a kinaseindependent manner. The cysteine-rich CA3 domain is required for both the stable interaction of mKSR1 at the plasma membrane and for the activation of Raf-1. In addition, we find that the activation of Raf-1 appears to involve a detergentlabile cofactor that is not ceramide. Furthermore, we are unable to corroborate recent findings suggesting that mKSR1 is a ceramide-activated protein kinase and that mKSR1 directly modulates Raf-1 activity by phosphorylation (6) .
MATERIALS AND METHODS
Plasmids. The mKSR1 CA3 domain construct was generated by PCR amplification of a DNA fragment corresponding to amino acids 319-390 of mKSR1, in which two copies of the polyoma virus-derived (Pyo) epitope tag (amino acids MEYMPME) were included in the 5Ј primer immediately upstream of amino acid 319. The PCR product was then subcloned into a BamHI site in pcDNA3 (Invitrogen) and sequenced. The mKSR1 CA3 domain was released from pcDNA3 by BamHI digestion, and the fragment was subcloned into the BglII site of the SP64T polylinker. The B-Raf CRD domain (residues 235-280) was amplified by PCR using primers that included an AUG codon at the 5Ј end of the domain and a FLAG epitope (IBI, Kodak) and a STOP codon at the 3Ј end of the domain. The amplified DNA fragment was inserted into a pTZ18-derived plasmid. The Myr-KSR construct was generated by inserting a KpnI͞BssHII doublestranded oligonucleotide encoding amino acids 1-16 of mouse c-Src (Myr; myristylation signal sequence) into the KpnI͞ BssHII cloning sites found immediately upstream of the Pyo tag in a pBacPak-8 (CLONTECH)͞Pyo-mKSR1 construct (unpublished data). The resulting Myr-Pyo in-frame fusion product was sequenced, and a KpnI͞NotI fragment (corresponding to Myr-Pyo-mKSR1) was then transferred into the KpnI͞NotI cloning sites of pcDNA3.
RNA Transcription and Oocyte Microinjection. Capped RNA was transcribed using the Message Machine kit (Ambion, Austin, TX). Buffer or RNA (Ϸ30 ng) encoding the various mKSR1 constructs or a construct encoding the cysteine-rich domain of the B-Raf kinase (B-Raf CRD) was injected into defolliculated stage VI oocytes as described in ref. 1 . After 8-12 hr, the oocytes were injected with Ras V12 RNA and were subsequently scored for germinal vesicle breakdown (GVBD).
Cell Fractionation. Plasmid DNAs (5 g) were transiently transfected into 293 cells by the calcium phosphate method (1) or into COS cells with lipofectamine (6). Forty to forty-eight hours after transfection, cells were lysed in a ground glass homogenizer and fractionated into membranes and cytosol, or microinjected oocytes were fractionated into membrane and cytosolic fractions (7) . Each fraction was assayed by immunoprecipitation for the presence of mKSR1 proteins or H-Ras V12 .
In Vitro Protein Kinase Assays and Ceramide-Level Determinations. Raf-1 and MAP kinase (1), mKSR1 (6) , and JNK (8) activities were assayed and ceramide levels were determined (9) as previously described.
RESULTS
The mKSR1 CA3 Domain Is Required for the Augmentation of Ras Signaling. The CA3 domain of mKSR1 has sequence
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similarities with cysteine-rich domains (referred to as C1 domains) found in the protein kinase C (PKC) and the Raf family of protein kinases (10) , and for these kinases the C1 domain plays an important role in their activation and signaling capabilities (11) (12) (13) (14) (15) (16) (17) . To evaluate the significance of the CA3 domain to mKSR1 function, we disrupted the putative cysteine finger motif contained within this domain by mutating two of the conserved cysteine residues (C359S and C362S; referred to as CRM). The resulting mutant protein was then examined for its ability to augment Ras signaling in Xenopus oocyte meiotic maturation assays. As previously observed (1), expression of wild-type (WT) mKSR1 markedly accelerated oocyte maturation induced by Ras V12 (Fig. 1B) ; however, CRM mKSR1 was unable to mediate this effect (Fig. 1B) . Oocytes expressing CRM mKSR1 did undergo maturation with the same kinetics as did oocytes injected with Ras V12 alone (unpublished observations), indicating that although disruption of the CA3 domain abolished mKSR1 cooperativity, it did not generate a dominant inhibitory protein. Interestingly, a construct encoding only the CA3 domain (amino acids 319-390) was fully competent to augment Ras signaling (Fig. 1B) , and, as was observed for full-length mKSR1, incorporation of the CRM mutation into the CA3 domain protein abolished the cooperativity (Fig. 1B) . The specificity of the mKSR1 CA3 domain to mediate this effect was demonstrated by the finding that expression of the C1 domain of the B-Raf kinase (B-Raf CRD) was unable to cooperate with Ras V12 (Fig. 1B) . Thus, the CA3 domain is necessary and sufficient for the functional interaction between mKSR1 and Ras that facilitates Ras signaling.
The CA3 Domain Mediates the Ras-dependent Plasma Membrane Localization of mKSR1. For various isoforms of PKC, the C1 domain is required for the localization of these kinases to the plasma membrane in response to activating agents (18) (19) (20) . By analogy, therefore, we investigated the role of the CA3 domain in mediating the intracellular localization of mKSR1. Expressed alone in oocytes (unpublished observations) and in transiently transfected 293 cells ( Fig. 2A) , WT mKSR1 was found to be exclusively cytosolic. In the presence of activated Ras V12 , however, a portion of the WT protein was observed in the membrane fraction (Fig. 2 A) . In contrast, CRM mKSR1 was not detected in the membrane fraction even when coexpressed with Ras V12 (Fig. 2B ). These findings indicate that an intact CA3 domain is required for the stable interaction of mKSR1 at the plasma membrane and further support the idea that the functional interaction observed between mKSR1 and Ras occurs at the plasma membrane.
Because constitutive membrane localization activates Raf-1 (21, 22) and, like Raf-1, a fraction of mKSR1 translocates to the plasma membrane in the presence of activated Ras, we next examined whether membrane localization was sufficient to activate mKSR1. A myristylated version of mKSR1 (Myr-KSR) was generated that constitutively localized mKSR1 to the plasma membrane in the absence of activated Ras (Fig.  2 A) . Although Myr-KSR did accelerate Ras V12 -induced maturation (Fig. 1B) , expression of Myr-KSR alone in Xenopus oocytes was unable to promote oocyte maturation (unpublished observations). In addition, the CRM mutation abolished the cooperative effect of Myr-KSR (Fig. 1B) . These results suggest that constitutive membrane localization does not generate an activated form of mKSR1 and cannot restore cooperativity to proteins containing the CRM mutation. Therefore, in addition to its role in membrane localization, the mKSR1 CA3 domain appears to provide yet another function required for the augmentation of Ras signaling.
The CA3 Domain Stimulates Membrane-Bound Raf-1 Activity. Drosophila genetic epistasis experiments have positioned KSR to function either upstream of or in parallel to Raf (2), suggesting that KSR might be a kinase involved in Raf-1 activation. In addition, in mammalian cells, the isolated kinase domain of mKSR1 has been found to physically interact with Raf-1 at the plasma membrane (1). However, we have been Pro, Cys, and S͞T indicate that the corresponding CA regions are rich in proline, cysteine, or serine͞threonine residues, respectively. The CRM mutation (C359S, C362S) is depicted by asterisks. For Myr mKSR1, the myristylation sequence from the src tyrosine kinase was inserted at the N terminus of WT mKSR1 (gray box). In addition, each construct contained a polyoma-derived (Pyo) epitope tag (solid box). (B) Induction of Xenopus oocyte meiotic maturation by the expression of Ras V12 alone or by the coexpression of Ras V12 with mKSR1 proteins. GVBD was scored when 0% of the oocytes expressing Ras V12 alone and 40% of oocytes coexpressing Ras V12 and WT mKSR1 had undergone GVBD. The percentage of oocytes undergoing GVBD is expressed as a solid bar, and the ratio of the number of oocytes undergoing GVBD to the total number injected is displayed above each bar. The numbers obtained represent a compilation of at least three independent experiments where equivalent amounts of the mKSR1 and Ras V12 proteins were expressed. unable to demonstrate that Raf-1 is a direct substrate of mKSR1 in vitro, and in previous studies examining mKSR1 function in Xenopus oocytes, no modulation in Raf-1 activity was detected, although enhanced activation of MEK1 and MAPK was observed (1). Nevertheless, it is possible that mKSR1 may influence Raf-1 activity as it is being activated at the membrane, which may not be readily detectable when Raf-1 activity is monitored from detergent-lysed cells in immune complex kinase assays. Therefore, a more careful examination of the activity of membrane-associated Raf-1 was performed. Oocytes expressing Raf-1 or Raf-1 and the CA3 domain were injected with RNA encoding activated Ras V12 . Detergent-free or detergent-solubilized membrane fractions were then prepared (7) immediately after (0 min) or 150 min after the injection of Ras V12 RNA, a time before MEK1 activation and when the cooperative effect of mKSR1 would be expected to influence Raf-1 activity. At the 0-min time point, before Ras V12 expression, no Raf-1 protein or activity was observed in either membrane preparation (Fig. 3A) . At the 150-min point, when processed Ras and the CA3 domain were present in the membrane fractions (Fig. 3B) , equivalent levels of Raf-1 activity (as measured by the phosphorylation of kinase-inactive MEK1 on Ser-218 and Ser-222) was detected in detergent-solubilized membranes, regardless of the presence of CA3 (Fig. 3A) . Interestingly, under detergent-free conditions, a 5-fold elevation in MEK1 phosphorylation was observed in membranes containing CA3. The enhancement in activity was not merely a consequence of the extraction procedure, because Raf-1 activity was equivalent in both membrane preparations lacking CA3 (Fig. 3A) . Thus, the mKSR1 CA3 domain appears to augment the activity of membrane-bound Raf-1 in a detergent-sensitive manner, suggesting the existence of a detergent-labile cofactor.
Ceramide Does Not Modulate mKSR1 Activity. The cysteine-rich CA3 domain of mKSR1 resembles the atypical class of C1 domains (10) . Proteins containing atypical C1 domains do not bind diacylglycerol or phorbol esters; however, they have been reported to bind other lipid second messengers, such as phosphatidic acid, phosphatidylinositol 3,4,5-P 3 , and ceramide (23) (24) (25) (26) (27) . Because a recent report has suggested a role for ceramide in mKSR1 activation (6), we next investigated whether the cooperative effect mediated by the CA3 domain might involve ceramide. Cos cells transiently expressing mKSR1 were treated with C2 ceramide or were treated with sphingomyelinase or tumor necrosis factor ␣ (TNF␣), both of which generate ceramide in vivo (28) . In response to the various treatments, endogenous levels of ceramide were elevated and changes in JNK and MAPK activity were detected (Fig. 4B) , demonstrating that a biological response had been elicited by these factors (9, 29) . When mKSR1 was examined in immune complex kinase assays, phosphorylation of mKSR1 was observed, although no significant change was detected in response to increased levels of ceramide (Fig. 4A) . In addition, both kinase-inactive (RM) and WT mKSR1 proteins were phosphorylated, indicating the presence of a contaminating kinase activity associated with the mKSR1 immunoprecipitates (Fig. 4A) . When exogenous Raf-1 was added to the mKSR1 immunoprecipitates, no phosphorylation of Raf-1 or modulation of Raf-1 activity was detected (Fig. 4A) , suggesting that Raf-1 is not a direct substrate of mKSR1. Nevertheless, because the cooperative effect of mKSR1 observed in oocytes was detergent-sensitive and might not be observed under immunoprecipitation conditions, the effect of adding purified brain ceramide directly to mKSR1 and Raf-1 in vitro was examined. Again, mKSR1 phosphorylation was not increased, and no effect of mKSR1 on Raf-1 activity was observed in the presence of ceramide (Fig. 4C) . Finally, the effect of mKSR1 on sphingomyelinase͞ceramide-mediated oocyte maturation was examined (30) . Like expression of Ras V12 , sphingomyelinase treatment did promote oocyte maturation; however, unlike Ras V12 -mediated GVBD, the presence of WT mKSR1 did not accelerate sphingomyelinase-induced maturation, nor was an effect of CRM mKSR1 observed (Fig. 4D) . Taken together, our data strongly indicate that the activational effect mediated by the mKSR1 CA3 domain does not involve ceramide. Further, our data do not support the recent findings that mKSR1 is a ceramide-activated protein kinase and that Raf-1 is a direct substrate of mKSR1 (6).
DISCUSSION
In this report, we have investigated the mechanism whereby mKSR1 facilitates Ras signaling and have examined the importance of the CA3 domain to mKSR1 function. We find that mKSR1 is a cytoplasmic protein that translocates to and functions at the plasma membrane in the presence of activated Ras. The translocation of mKSR1 to the plasma membrane in a Ras-dependent manner is consistent with the recent report that mKSR1 localizes to the membrane in response to serum stimulation of quiescent NIH 3T3 cells (5) . The signal that induces the translocation of mKSR1 has not been elucidated; however, unlike Raf-1, which localizes to the plasma membrane by directly binding activated Ras (31), we have been unable to detect a specific direct interaction between mKSR1 and Ras (data not shown). Once at the membrane, our data indicates that mKSR1 modulates Ras signaling, at least in part, by augmenting Raf-1 activity in a detergent-sensitive, kinaseindependent manner (Fig. 3) . The cysteine-rich CA3 domain is essential for the ability of mKSR1 to facilitate Ras signaling ( Fig. 1 ) and functions to both enhance Raf-1 activity (Fig. 3) and to stably localize mKSR1 to the plasma membrane (Fig. 2) .
One model to explain the biological activity of the CA3 domain is that both the translocation of mKSR1 and the activation of Raf-1 involves an interaction with a lipid second messenger. Support for this model comes from the observations that lipid second messenger production is increased in response to Ras activation (32-34) and that a lipid cofactor has FIG. 3 . The mKSR1 CA3 domain augments Raf-1 activity in a detergent-sensitive manner. Xenopus oocytes expressing Raf-1 alone (Ϫ) or coexpressing Raf-1 and the mKSR1 CA3 domain (ϩ) were injected with Ras V12 RNA. Immediately after (0 min) or 150 min after Ras V12 injection, oocytes were lysed in hypotonic buffer and membranes were isolated. (A) Raf-1 proteins were immunoprecipitated from membrane fractions resuspended in RIPA buffer (ϩ detergent) or phosphate-buffered saline (Ϫ detergent), and in vitro kinase assays were performed using kinase-inactive MEK as a substrate (1) . Phosphorylation of MEK1 on Ser-218 and Ser-222 was determined by tryptic peptide mapping analysis. (B) Ras V12 and CA3 proteins were immunoprecipitated from membrane (P100) and cytosolic fractions (S100) isolated at 150 min after injection with Ras V12 RNA and were examined by immunoblot analysis using Ras and Pyo antibody, respectively. The migration of processed (Pro) and unprocessed (UnPro) Ras proteins is indicated.
been implicated in the Raf-1 activation process (15, 35) . Raf-1 activity has been shown to be augmented in vitro by the addition of membranes from v-Ras-and v-Src-transformed fibroblasts (35) and by the addition of lipids extracted from membranes of SF9 expressing c-H-Ras and activated Src (15) . Furthermore, proteins containing C1 domain have been shown to interact with lipids (10) . The CA3 domain of mKSR1 resembles atypical C1 domains, found in the atypical forms of PKC ( and ͞), Raf-1, n-chimaerin, as well as the nonkinase oncoproteins Vav and Lfc (10) . Like typical C1 domains, the structure of atypical C1 domains is coordinated by two molecules of zinc. Yet, unlike typical C1 domains, atypical C1 domains do not bind diacylglycerol or phorbol esters. However, other lipid second messengers, such as phosphatidic acid, phosphatidylinositol 3,4,5-P3, and phosphatidylserine, have been implicated to interact with PKC, PKC͞ and Raf-1 (23) (24) (25) (36) (37) (38) . Therefore, the mKSR1 CA3 domain may modulate Raf-1 activity by increasing the local concentration of one of the above or a yet to be identified stimulatory lipid cofactor.
Ceramide is another lipid second messenger that has been reported to interact with proteins containing atypical C1 domains (26, 37 ), yet our studies strongly indicate that the stimulatory effect of mKSR1 on Raf-1 activity does not involve ceramide (Fig. 4) . These findings are in contrast to those of a recent study (6) that identifies mKSR1 to be a ceramideactivated protein (CAP) kinase and that finds Raf-1 to be a direct substrate of mKSR1 activity. In the experiments presented here, the addition of ceramide either in vivo or in vitro had no effect on mKSR1 phosphorylation as measured by immune complex kinase assays (Fig. 4A) . In addition, when Raf-1 was added to mKSR1 as an exogenous substrate, no phosphorylation of Raf-1 or modulation in Raf-1 activity was observed (Fig. 4A) , suggesting that Raf-1 is not a substrate of mKSR1. Furthermore, if mKSR1 is a CAP kinase that phosphorylates and activates the Raf-1͞MEK1͞MAPK signaling module, then one would predict that overexpression of mKSR1 in Xenopus oocytes would accelerate the kinetics of sphingomyelinase͞ceramide-mediated meiotic maturation. However, no cooperativity was observed between mKSR1 and sphino- KSR proteins were immunoprecipitated using ␣Pyo antibody, and mKSR1 immune complex kinase assays were performed in vitro as described by Zhang et al. (ref. 19; Top) . Immunoprecipitated mKSR1 was detected by immunoblot analysis (Middle). To observe phosphorylation of Raf-1 or modulation of Raf-1 activity, purified activated Raf-1, coexpressed in Sf9 cells in the presence of RasV12 and v-src, and kinase-inactive MEK1 were added to the mKSR1 immune complex kinase assays previously described (ref. 19; Bottom) . (B) Cos cells were treated as in A and endogenous ceramide levels, JNK activity, and MAPK activity were determined. Ceramide levels were normalized to the untreated control. C2-ceramide levels were elevated 2.9-and 3.7-fold at 5 and 10 min, respectively, and long-chain ceramide levels were elevated 12-fold by SMase and 1.9-fold by TNF␣. (C) Purified brain ceramide (100 nM) (ϩ) or diluent (Ϫ) was added in vitro to mKSR proteins immunoprecipitated from transfected Cos cells and immune complex kinase assays performed in the presence of activated Raf-1 and kinase-inactive MEK1 as previously described (ref. 19; Top) . Immunoprecipitated mKSR1 was detected by immunoblot analysis (Middle). (D) Oocytes preinjected with buffer or RNA encoding WT and CRM mKSR1 constructs were treated with 250 milliunits sphingomyelinase. GVBD was then scored 6 and 10.5 hr after treatment. myelinase treatement in oocytes (Fig. 4D) , even though mKSR1 readily cooperated with Ras V12 in this assay (ref. 1; Fig. 1) . Moreover, the functional interaction between mKSR1 and activated Ras supports the genetic data indicating that KSR1 is a positive effector of Ras-dependent signaling in both Drosophila (2) and C. elegans (3, 4) .
In contrast to a model evoking a stimulatory lipid cofactor, the CA3 domain of mKSR1 may activate Raf-1 by facilitating the binding of an auxiliary protein that augments Raf-1 activity. The best-characterized example of a membranelocalized protein that modulates Raf-1 activity is Ras (39) . The Ras-dependent activation of Raf-1 involves the interaction of Raf-1 with posttranslationally modified, GTP-bound Ras (16, (40) (41) (42) , and although mKSR1 does not appear to directly interact with Ras GTP, the CA3 domain might still play a role in promoting or stabilizing the Ras͞Raf-1 interaction. In addition to Ras, other proteins have been shown to interact with C1 domains (43) (44) (45) and may be involved in mediating the CA3 domain effect.
Finally, we cannot exclude the possibility that the CA3 domain functions to stabilize Raf-1 in an active conformation within the context of the membrane environment in a manner that is independent of a lipid or protein cofactor. However, the inability of myristylated CRM mKSR1 to cooperate with Ras V12 (Fig. 1) suggests that residence in the membrane alone is not sufficient to explain the biological effects of mKSR1. Thus, further investigation is required to determine the precise mechanism by which the mKSR1 CA3 domain enhances Raf-1 activity. Regardless of the precise mechanism involved in mediating the CA3 domain effect, however, this study does reveal another level of complexity involved in the transmission of signals from Ras to the MAPK module and further defines a noncatalytic role for mKSR1 in the multistep process of Raf-1 activation (39).
